Abstract. -Transition probabilities are obtained for both the dipole allowed (E1) fine structure transitions and the forbidden electric quadrupole and magnetic dipole (E2, M1) transitions in Fe III. For the E1 transitions, ab initio calculations in the close coupling (CC) approximation using the R-matrix method are carried out in LS coupling with a 49-term eigenfunction expansion for Fe IV. The fine structure components are obtained through algebraic transformation of the LS line strengths, and the oscillator strengths and A-coefficients are computed using spectroscopic energies of the observed levels. Radiative transition probabilities for 9797 fine structure E1 transitions corresponding to 1408 LS multiplets among 200 bound states of Fe III are reported. Forbidden E2 and M1 transition probabilities are computed for 362 transitions among the 34 fine structure levels of all 16 LS terms dominated by the 3d 6 configuration using optimised configuration-interaction wavefunctions from the SUPERSTRUCTURE program in the Breit-Pauli approximation. Comparison of the present results is made with previous calculations and significant differences are found. Theoretical line ratios computed using the present E2 and M1 A-coefficients show better agreement with observations for some prominent Fe III lines in the infra-red than those using the earlier data by Garstang (1957) . This work is carried out as part of the Iron Project to obtain accurate radiative and collisional data for the Iron group elements.
Introduction
The spectrum of Fe III is prominently observed from a variety of astrophysical objects such as diffuse and planetary nebulae, supernova remnants, the Galactic Center, and Herbig-Haro objects. However, very little of the currently available atomic data is of sufficient precision to enable accurate spectral diagnostics. In a program under the auspices of the Iron Project (Hummer et al. 1993) we have recently completed extensive new calculations for radiative and collisional atomic processes for Fe III, including photoionization (Nahar 1996, N1) , e+ion recombination , radiative transition probabilities (this paper), and collision strengths and rate coefficients (Zhang & Pradhan 1995; Zhang 1996 , the following paper). The aim is to compute essentially all atomic data needed to construct an extended Non-LTE collisional-radiative model Send offprint requests to: S.N. Nahar The complete table of dipole allowed transition probabilities is available in electronic form at the CDS via anonymous ftp 130.79.128.5 of line emissivities, including ionization balance, and to apply the model for spectral diagnostics of Fe III spectra from different astrophysical sources. Previous or concurrent work deal with Fe II (Nahar 1994; Zhang & Pradhan 1994) , and Fe I (Bautista & Pradhan 1995; Bautista 1996) .
The relative complexity of the Fe III ion makes it rather difficult to carry out ab initio calculations for the atomic parameters. Previous calculations for the transition probabilities for Fe III have been carried out mainly employing different versions of the semi-empirical atomic structure code by Cowan (1968) ; the investigators include Kurucz & Peytremann (1975) , Biemont (1976) , Fawcett (1989) , and most recently Ekberg (1993) . The first ab initio calculations for the radiative data, oscillator strengths and photoionization cross sections, for Fe III was carried out by Sawey & Berrington (1992) under the Opacity Project (OP) (Seaton 1987 ) using the R-matrix method and a close coupling (CC) eigenfunction expansion dominated by the ground configuration 3d 5 only of Fe IV. However, as discussed by Nahar (1996, N1) , this expansion neglects the important electron correlation effects due to higher configurations 3d 4 4s and 3d 4 4p resulting in missing resonances, and precludes a number of bound states of Fe III and corresponding transition probabilities. The present work entails a more extensive ab initio R-matrix calculation with a 49-state eigenfunction expansion including states dominated by the excited configurations of Fe IV. Following an algebraic transformation of the LS multiplet line strengths to yield fine structure components, the atomic parameters for the dipole allowed transitions, oscillator strengths (f-values), line strengths (S), and the Einstein's A-coefficients (A-values), are obtained for a large number of fine structure transitions in Fe III. The method, applied to several other ions including Fe II (Nahar 1993 (Nahar , 1995 Nahar 1996 N2) , is outlined in the next section.
Owing to the difficulty of calculating the forbidden transition probabilities there has been only one previous calculation of the E2 and M1 forbidden transition probabilities of Fe III (Garstang 1957) nearly four decades ago. The difficulty arises from the necessity of including both the relativistic and the electron correlation effects accurately so as to obtain the very small A-coefficients with sufficient precision. Recent spectral observations of the forbidden lines of Fe III from sources such as the Orion nebula (Osterbrock et al. 1992) , the planetary nebula IC 4997 (Keenan et al. 1993) , and the Galactic Center (Chen & Werner, private communication), have revealed some discrepancies between the observed line ratios and those calculated from the A-coefficients calculated by Garstang. In an effort to improve the accuracy of the Fe III transition probabilities, we describe new calculations in the Breit-Pauli approximation with configuration interaction type wavefunctions using the SUPERSTRUCTURE program (Eissner et al. 1974 ).
Theoretical computations and results
The calculations for the dipole allowed transitions and the forbidden transitions were carried out independently using different methods. The E1 data was basically calculated in the close coupling approximation which represents the correlation effects accurately (as in the Opacity Project work). However, no allowance is made for the relativistic effects in the dipole transitions and fine structure is introduced through an algebraic transformation. The forbidden E2 and M1 transitions however are treated with an atomic structure calculation including both the relativistic and correlation effects as extensively as possible. The following two subsections describe the two sets of calculations. et al. (1977) 2.1. Dipole allowed fine structure transitions Some details of the method for obtaining the atomic quantities for the fine structure transitions are given in Nahar (1995 . The non-relativistic 49-state CC eigenfunction expansion for Fe IV is obtained from the atomic structure code SUPERSTRUCTURE (Eissner et al. 1974; Nussbaumer & Storey 1978) including the LS terms from the ground configuration 3d 5 and excited configurations 3d 4 4s and 3d 4 4p of Fe IV (discussed in detail by Nahar 1996, N1). The computations for the radiative data of LS dipole line strengths of Fe III are carried out using the R-matrix codes of the OP extended for the Iron Project (Hummer et al. 1993) . A major task in the calculations is the spectral identification of the large number of computed bound states. The calculated states of Fe III are identified through a detailed analysis of the quantum defects and the fractional contribution of the wavefunction in the dominant bound "channel". This refers to the terminology of electron-atom collision theory; for the bound states all available channels are 'closed'. A computer code, ELEVID (Nahar 1995) , is employed for this purpose.
The total number of computed LS bound states of Fe III that lie below the first ionization threshold is 805, compared to 199 observed ones (Sugar & Corliss 1985; Ekberg 1993) . The number of corresponding dipole allowed LS multiplets is 11 979. Table 1 (Sugar & Corliss 1985) . One purpose of presenting the energy table here is to provide the degeneracy assignments for states of the same LS symmetry. For convenience, the assignment made differs somewhat from the assignments in the table of observed levels by Sugar & Corliss (1985) . An ascending order of alphabet is assigned for the even parity states of a given symmetry, and a descending order for the odd parity states. The table also presents one calculated state, 3d
6 (b 1 S e ), which has not been observed yet; we include it for the fine structure transitions in the present work.
The f-, S, and A-values for the dipole allowed fine structure transitions are obtained through algebraic transformations of the LS multiplet line strengths using the spectroscopiclly observed energies. For the cases where the observed energies are not found for all the fine structure components of a LS term, the splitting is carried out through the LS f-value as described in Nahar (1995 . Computations are carried out using the code JJTOLS (Nahar 1995 Kurucz & Peytremann (1975) and Biemont (1976) . While the present calculated values agree with the two quintets within experimental uncertainty, the lifetime of the triplet state agrees with the other calculated value (Andersen et al. 1977) rather than the observed value, and the lifetime for the singlet state comes out lower than the measured or the other calculated value. The reason for the present lower value could be because of the relatively high angular momentum of the state (L = 6) for which it is often difficult to i) include sufficient correlation from other states, and ii) employ a sufficiently large R-matrix boundary to represent the bound state wavefunction in the inner region for the high-L states.
Some comparison is made of the present f-and Avalues with other calculated values in Table 3 . Kurucz & Peytremann (1975) , Biemont (1976) , Fawcett (1989) , and Ekberg (1993) have calculated the f-and A-values for a large number of fine structure transitions in Fe III. All of them have used various versions of Cowan's atomic structure code where semiempirical optimization is carried out. The values of Kurucz & Pytremann (1975) are the same as those obtained by Biemont (1976 A sample set of f-, S-, and A-values for the dipole allowed fine structure transitions in Fe III is presented in Table 4 while the complete table is available electronically. The format for the transitional values is the same for both the sample and the complete tables. The first line of each subset of data corresponds to the LS transition followed by the fine structure components. The degeneracy of the transitional states in the table correspond to those assigned in Table 1 for the term energies. The energies of the initial and final levels in the fine structure set are given in unit of cm −1 while the initial and the final LS states and the transitional energy differences are given in Rydberg unit. The A-values are given in s −1 . An asterisk (*) below a LS state indicates incomplete set of observed energy levels for the state and an asterisk for the transitional energy indicates that one or both the transitional levels are missing from the observed energy set. There are 9797 fine structure transitions corresponding to 1408 ones in LS coupling in the complete table.
The results obtained correspond to 200 bound states of Fe III (where 199 are observed ones) while the total number of calculated bound states is 805. Hence, this report presents only a small fraction of the calculated radiative data that have been processed for the fine structure transitions.
Based on accuracy of the calculated energies and comparison with other work, the accuracy for most of the present, except the weak ones, f-, S, and A-values should be accurate within 20%. Because of low charge of the ion, the relativistic effects on the results are expected to be small.
Forbidden electric quadrupole (E2) and magnetic dipole (M1) transitions
The atomic parameters for the forbidden electric quadrupole and magnetic dipole transitions in Fe III are obtained from atomic structure calculations employing a new version of SUPERSTRUCTURE that incorporates the optimisation of individual orbitals n (W. Eissner, private communication). Table 5 presents the calculated and the experimental fine structure energy levels of the 34 fine structure levels of the 16 LS terms dominated by the ground configuration 3d 6 , together with the list of configurations in the configuration-interaction (CI) expansion, and the scaling parameters for the scaled Thomas-Fermi-Dirac-Amaldi type potential used in SU-PERSTRUCTURE. As the Breit-Pauli structure calculations can be extremely CPU intensive with large CI expansions, a considerable amount of effort is devoted to optimisation with a number of different configurations. The primary criteria are the level of agreement with observed values for (a) the fine structure splittings within the lowest LS terms, and (b) the LS term energies themselves. Another criterion employed was that the calculated A-values should be relatively stable with small changes in scaling parameters.
A comparison with the earlier Breit-Pauli calculations of Zhang & Pradhan (1995) shows a considerable improvement in the calculated eigenenergies compared with the experimental values for most of the levels. We employ the observed energies in the calculation of the electric quadrupole and the magnetic dipole transition probabilites, A q and A m , which are given as:
and
where E j > E i (the energies are in Rydbergs), and S is the line strength for the corresponding transition.
The computed A q and A m for 362 transitions are given in Table 6 , along with the observed wavelengths in microns. The A q in general are much smaller than the A m . There are many transitions where one or the other is negligible, usually the A q . Owing to the widespread use of the only other previous calculation by Garstang (1957) , it is important to establish the general level of differences with the previous work. Table 7 gives a detailed comparison of the magnetic dipole A m , which is the usual dominant radiative decay mode for nearly all transitions, selected to represent all three cases: (a) good agreement, < 10%, (b) significant differences, about 10−30%, and (c) large differences up to an order of magnitude or more. For brevity we forego a more detailed discussion of these differences, but note that most of the transitions fall in the category (b). Some fine structure components of the multiplets a
show the largest differences. In order to further investigate the effect of these differences between the results of Garstang, hitherto employed in all calculations of Fe III spectra, and the present ones, we constructed a Non-LTE collisional-radiative model (Bautista & Pradhan 1995) using the new collisional excitation rate coefficients (Zhang & Pradhan 1995 , and the following paper) and the two sets of A-values. A number of Fe III line ratios were computed for all available line intensities from observed sources. Many of the observed spectral lines correspond to transitions for which the new A-values do not differ significantly from those of Garstang and the two sets of theoretical line ratios agree in about equal degree from the observations. Considering all the other line ratios, the present line ratios in general gave better agreement with observations than the set with Garstang A-values. A few computed and the observed line ratios from different sources are shown in Fig. 1. In Figs. 1a and b we present two line ratios I(λ5011)/I(λ4658) and λ(4881)/(λ4658) observed from the PN IC 4997, at two different epochs 1990 and 1991. Figure 1c shows line ratio I(2.241µ)/I(2.218µ) from two differnt sources, the Galactic Center and the Orion nebula. The present line ratio I(λ5011)/I(λ4658) (solid line) for IC 4997 is in reasonable agreement with those derived using the Garstang A-values, with somewhat lower electron densities N e ≈ 10 3.5 − 10 4.8 , compared to N e ≈ 10 4 − 10 5.5 , at the two epochs respectively. The present line ratio λ(4881)/(λ4658) differs significantly from the one calculated with the Garstang A-values; the latter appears to be barely within the range of observed values, whereas the present one overlaps much more with the observations (we employ an electron temperature of 8000 K, close to the temperatures derived by Keenan et al. (1993) from other diagnostic line ratios). However, the observed line ratio I(2.241µ)/I(2.218µ) from the Galactic Center (Chen & Werner, private communication) and the Orion nebula (Osterbrock et al. 1992 ) agree with each other and lie at the lower end of the theoretical line ratio with the present A-values, but lie well above those predicted by the set of Garstang A-values.
Discussion and conclusion
Comprehensive calculations for the allowed and the forbidden transition probabilites of Fe III are reported. While an attempt has been made to compare the new A-values with previously available data, it is nonetheless difficult to ascertain the precise accuracy due to the fact that very little experimental data is available for the E1 transitions, and none for the E2 and M1 transitions. We expect the present E1 radiative data to be at least as accurate as currently available data, since extensive configuration interaction is included in the close coupling R-matrix calculations and since the relativistic effects for the dipole transitions in Fe III should be small.
The forbidden E2 and M1 radiative data appears to yield theoretical line ratios in better agreement with observations than the earlier Garstang calculations. Nonetheless it should be remarked that Garstang's work entails an adjustment of the relevant atomic parameters to yield observed term and fine structure energy differences; whereas the present work is entirely ab intio and no such adjustment is made on the grounds that it may alter some matrix elements unphysically. However, the computed energies are close to experimental ones (Table 5 ) and the latter are used in the final calculation of the E2 and M1 probabilities. For a given transition, it is still difficult to assert definitively that Garstang's or the present probabilities should be preferred; on the whole we expect the present dataset to be more complete and accurate. Extensive spectral diagnostics of the Fe III spectra from a variety of sources in the IR and the Optical is now under way using a Non-LTE collisional-radiative model (Bautista & Pradhan 1995) and the new sets of collisional and radiative data in this paper and the following one.
We note that a majority of the forbidden transitions of Fe III given in Table 6 lie in the optical and the nearinfrared, unlike Fe II where a majority of the low-lying transitions are in the infra-red. This fact possibly has rather important implications for the determination of the ionization structure of nebular objects (including supernova remnants), based on the IR and Optical spectroscopic diagnostics.
Complete tables of transition probabilities may be obtained electronically from nahar@seaton.mps.ohiostate.edu. A FORTRAN77 code is attached to the table of A(E1) to read the dipole allowed A-values and calculate lifetimes of levels. 
